Background The effect of dog exposure on the risk of children developing allergic disease remains controversial. Many analyses have not considered that associations may vary within population subgroups. Objective To examine whether associations between living with a dog in the first year of life and allergic outcomes vary within subgroups selected a priori (race, gender and delivery mode). Methods Black (n = 496) and White (n = 196) children enrolled in the WHEALS birth cohort study had a clinical examination at age 2 years to assess eczema and allergen-specific IgE (sIgE) and perform skin prick testing (SPT). Whether the child lived with an indoor dog in the first year of life was assessed through interview, as was doctor diagnosis of asthma at ages 3-6 years. Results Living with a dog was associated with decreased odds of having ≥ 1 positive SPT (OR = 0.56, 95% CI: 0.34, 0.91) and having eczema (OR = 0.34, 95% CI: 0.20, 0.60). The association with SPT was stronger in those children born via caesarean section (c-section) vs. vaginally (OR = 0.29, 95% CI: 0.12, 0.74 vs. OR = 0.76, 95% CI: 0.43, 1.37, respectively, interaction P = 0.087) and in those who were firstborn vs. not (OR = 0.27, 95% CI: 0.11, 0.67 vs. OR = 0.82, 95% CI: 0.45, 1.47, respectively, interaction P = 0.044). The association with eczema was stronger in children born vaginally compared with those born via caesarean section (OR = 0.17, 95% CI: 0.06, 0.43 vs. OR = 0.65, 95% CI: 0.31, 1.35, respectively, interaction P = 0.025) and was stronger in Black vs. White children (OR = 0.30, 95% CI: 0.15, 0.61 vs. OR = 0.78, 95% CI: 0.29, 2.11, respectively, interaction P = 0.12). Dog keeping was not significantly inversely associated with having ≥ 1 elevated sIgE and only approached statistical significance with asthma. Conclusions and Clinical Relevance Results likely vary between studies due to variability of specific exposure-outcome associations in subgroups defined by other factors as well as the relative distributions of those subgroups. Important allergic disorder associations will be missed without subgroup analyses.
Introduction
The effect of exposure to dogs on the risk of children developing allergic disease remains a controversy. A meta-analysis of 26 publications from 21 birth cohort studies that examined pet exposure and risk of atopic dermatitis (AD) in children reported a 'favourable effect' of exposure to dogs and pets on the risk of AD in infants or children [1] . An earlier meta-analysis of birth cohorts of European children concluded that having a dog in the first 2 years of life was associated with decreased odds of sensitization to at least one aeroallergen [2] . Another recent study from Melbourne reported that dog exposure was protective for food allergy in their cohort of young children [3] . However, a recent study from Finland reported that dog and cat exposure in early life was associated with increased risks of pet allergies [4] .
A question that has received little attention is whether there are any population subgroup-specific differences in observed associations between dog exposure and allergy development. As opposed to adjusting for other risk factors, many reports do not include analyses stratifying by subgroups defined by other risk factors. These subgroup differences, or effect measure modification, could explain, at least in part, some of the differing results (direction and magnitude of association) appearing in the literature. The study of subgroups is not unprecedented in allergic disease research [5] , but has predominantly been focused in gene-environment interaction studies, which have highlighted its importance. Much attention has been given to the modifying effects of genes on exposures in studies of allergies and asthma [6] [7] [8] [9] [10] [11] [12] [13] . This has been a popular approach, but these subgroups analyses have not expanded rapidly to include the study of the modifying effects of lifestyle and environmental factors. By omitting examinations of the potential modifying effects of other non-genetic factors, we may fail to detect important obscured associations or report associations that are only relevant for a majority subgroup of the population. The purpose of this study was to examine whether any associations between dog keeping in the first year of life and various allergic disease-related outcomes (eczema, skin prick tests, and allergen-specific sensitization in children at 2 years of age; parentally reported doctor diagnosis of asthma at age 3-6 years) varied within subgroups defined by other important putative risk factors. The analyses examined whether associations varied within subgroups that were selected a priori, including, but not limited to subgroups defined by race, gender and delivery mode.
Methods

Study population
The study population for these analyses is comprised of the offspring of the participants in 'WHEALS' -a cohort study that enrolled pregnant women who were aged 21-49 years, had reached their second trimester, were from a predefined geographic region and who were receiving care at one of five Henry Ford Health System (HFHS) obstetrics clinics in urban and suburban Detroit, Michigan. Recruitment began in September 2003, and the last child was born in December 2007. These analyses combine information from the interviews, a clinic visit with a study physician and results from biological and environmental samples. Details of the cohort's creation have been published [14] . All work was approved by the HFHS Institutional Review Board.
There were 1003 children who were eligible for a 2-year interview and clinic visit. Of these 1003, 830 were either Black (n = 609) or White (n = 221) and neither Hispanic nor Middle Eastern. The child's race was based on maternal report for her child. Only those children who are Black or White and neither Hispanic nor Middle Eastern were included in the analyses. The other racial/ethnic subgroups of children were too few in number to analyse as subgroups. Participants who were included and not included in the analyses are compared to assess differences ( Table 1) . The children included in the present analyses have information on at least one outcome at age 2 years [skin prick testing (SPT), allergen-specific IgE (sIgE), evaluation of eczema/AD] or parental report of doctor diagnosis of asthma at age 3-6 years. Further details on the inclusion and exclusion counts are presented in Fig. 1 .
Data collection
Information on maternal reproductive history was collected via interview during pregnancy at the time of recruitment, as was a maternal blood sample. Additional interviews were conducted with the mothers at 1-, 6-and 12-month home visits about the health of their children, breastfeeding and exposure to animals as part of the WHEALS protocol. A telephone interview was conducted at child age 3-6 years to collect information on changes to the child's health including whether the child had ever been diagnosed with asthma. Dust samples collected from the children's bedroom floor in the first year of life were analysed for dog (Can f 1), cat allergen (Fel d 1), cockroach allergen (Bla g 2), dust mite (Der f 1) and endotoxin using previously published methods [15] . At age 2 years, children were invited for a standardized clinical evaluation by a physician. Using a patient history and physical examination, the physician was then asked to record a response to the following question: 'By your clinical evaluation do you believe that this child has or has had AD or eczema?' (hereafter referred to as eczema). The average age at completion of the 2-year clinic visit was 2.2 years [standard deviation (SD) = 0.2 years].
During each interview, a census of dogs kept by the child's family was performed. Information was also collected about the amount of time the dog usually spent indoors. Indoor dog exposure was defined as having a dog inside the home at least 1 h per day in the child's first year of life. The first year of life was selected as we and others have previously shown this to be the time period of exposure associated with subsequent allergy-related outcomes [16] [17] [18] [19] [20] [21] [22] .
Skin prick testing was performed by the prick-puncture method on the volar surfaces of the forearms using a Duotip-test â device (Lincoln Diagnostics, Inc., Decatur, IL, USA) for Alternaria, cat, cockroach, dog, Dermatophagoides farinae (Der f), short ragweed, timothy grass, egg, milk and peanut when not contraindicated. A negative saline control and a positive histamine control, 1 mg/mL, were included with all tests. The extracts for SPT were commercial extracts. Weal and flare responses were measured as the longest diameter 15 min after test placement. A positive skin prick test was defined as one producing a weal with the longest diameter at least 3 mm greater than the negative control.
Levels of allergen-specific IgE (sIgE) to the same allergens were measured in blood samples collected at the clinic visit. sIgE measurement was performed using the Pharmacia UniCAP system (Pharmacia-Upjohn Diagnostic Division, Kalamazoo, MI, USA) according to the manufacturer's standard protocols. Maternal samples were analysed for a subset of the allergens: Alternaria, cat, cockroach, dog, Dermatophagoides farinae (Der f), short ragweed, timothy grass and egg. Sensitization was defined as having at least 1 sIgE ≥ 0.35 kU/L.
Statistical analyses
Characteristics of participants who were included and excluded from the analyses were compared using chisquare and t-tests. Percentages (binary outcomes) were used to describe the outcomes. Logistic regression models were used to investigate binary outcomes (at least one positive SPT, at least one positive sIgE, eczema, doctor diagnosis of asthma) to determine whether other factors could explain the observed differences. Odds ratios (OR) and 95% confidence intervals (CI) were calculated based on the models.
Selected variables were assessed for subgroup differences (effect modification) and confounding in our analyses including: whether the mother was sensitized (sIgE ≥ 0.35 kU/L) to any of the tested allergens, child's race (maternal report of Black or White) and firstborn status; whether the child was ever breastfed, gender and delivery type; whether the child lived with a smoker; and whether the mother had more than a high school degree. We chose all variables that were available in our data set that have traditionally been investigated as risk or preventive factors for allergic outcomes. As not all children had dust samples for analyses, we included additional models for the subset of children who did have dust samples with individual adjustments for the dust sample results (endotoxin, cat, dust mite and cockroach allergen). Stratum-specific estimates with 95% confidence intervals are presented. Those interaction terms with P < 0.15 were selected for further discussion in the text as potential effect modifiers. Confounders were defined as variables whose inclusion in the model changed the association between living with an indoor dog in the first year of life and the outcome by more than 20%. We did not analyse the outcomes of dog sIgE and dog allergen SPT due to the small numbers of children who were positive (n = 32 and n = 9, respectively). In our study population, as expected, we have higher rates of food sensitization and positive SPTs for food at the age of 2 years than for the aeroallergens [23] . We did not conduct specific time period exposure analyses as the numbers were too small to be able to tease apart the association with a dog strictly in the first year of life as 21 children (17 Black children) only had a dog prenatally and 20 children (17 Black children) had a dog only in the second year. These children were retained in the analyses.
Analyses were repeated using dog allergen (Can f 1) from a home dust sample collected at age 1 month in place of living with a dog and was defined as whether or not any dog allergen was detected in the home (lowest detectable limit = 25 ng/mL) [24] . We have previously shown that dog allergen levels were highly correlated with the keeping of an indoor dog in this cohort [24] . Some dust samples from homes without dogs had detectable Can f 1.
Results
There were 196 White children and 496 Black children who participated in the clinic visit at age 2 years. Table 1 indicates that children included in the analyses were more likely to have been White and firstborn. Eighty-two (41.8%) of the White children and 107 (21.6%) of the Black children included in the analyses lived with an indoor dog at some time during their first year of life ( Table 2 ). The Black children were more likely to have had a sensitized mother and a mother who had a high school degree or less education and were more likely to have been born via c-section and to have had: at least one positive SPT, at least one elevated allergen-specific IgE level and eczema (Table 2) .
Living with a dog in the first year of life was associated with decreased odds of having at least one positive SPT (OR = 0.56, 95% CI: 0.34, 0.91) and having eczema (OR = 0.34, 95% CI: 0.20, 0.60) ( Table 3 ). The association with SPT results was slightly stronger in those children born via c-section vs. vaginally (OR = 0.29, 95% CI: 0.12, 0.74 vs. OR = 0.76, 95% CI: 0.43, 1.37, respectively, interaction P = 0.087). The associations with SPT were also significantly different in firstborn children vs. those not firstborn (OR = 0.27, 95% CI: 0.11, 0.67 vs. OR = 0.82, 95% CI: 0.45, 1.47, respectively, interaction P = 0.044) and in children who lived with a smoker vs. those who did not (OR = 0.33, 95% CI: 0.14, 0.80 vs. OR = 0.74, 95% CI: 0.41, 1.33, respectively, interaction P = 0.14) ( Table 3) .
The association between living with a dog and eczema was significantly stronger in children born vaginally compared with those born via c-section (OR = 0.17, 95% CI: 0.06, 0.43 vs. OR = 0.65, 95% CI: 0.31, 1.35, respectively, interaction P = 0.025) and was stronger in Black vs. White children (OR = 0.30, 95% CI: 0.15, 0.61 vs. OR = 0.78, 95% CI: 0.29, 2.11, respectively, interaction P = 0.12) and in children who were born to a mother who had a high school degree or less vs. more education (OR = 0.07, 95% CI: 0.01, 0.51 vs. OR = 0.45, 95% CI: 0.25, 0.81, respectively, interaction P = 0.077) ( Table 3) . Dog keeping was not statistically significantly associated with having at least one elevated sIgE (OR = 0.87, 95% CI: 0.57, 1.33) ( Table 3 ). The inverse association between living with a dog and reporting a doctor diagnosis of asthma at age 3-6 years approached, but did not reach, statistical significance (OR = 0.57, 95% CI: 0.31, 1.03) ( Table 3) . The results were not confounded by any of the examined factors. Tables with adjusted estimates are  provided in Tables S1-S4 . The results for associations with detectable dog allergen in the home are presented in Table S5 . The results using dog allergen largely paralleled those of living with a dog in the first year of life with a few additional subgroup differences emerging. A protective association between having detectable dog allergen in the home and having at least one positive skin prick test was noted for children who had any breastfeeding vs. those who had no breastfeeding (OR = 0.54, 95% CI: 0.33, 0.87 vs. OR = 1.22, 95% CI: 0.51, 2.90, respectively, interaction P = 0.10). However, the inverse association between having detectable dog allergen in the home and having eczema was stronger for children who had no breastfeeding vs. those who had any breastfeeding (OR = 0.33, 95% CI: 0.14, 0.79 vs. OR = 0.70, 95% CI: 0.43, 1.14, respectively, interaction P = 0.14). The association between having detectable dog allergen and eczema also varied by maternal sensitization status (no maternal sensitization OR = 0.24, 95% CI: 0.11, 0.51 vs. maternal sensitization OR = 0.88, 95% CI: 0.51, 1.51, respectively, interaction P = 0.006). The association between having detectable dog allergen in the home and a doctor diagnosis of asthma varied between male and female children (OR = 0.59, 95% CI: 0.30, 1.17 vs. OR = 1.25, 95% CI: 0.60, 2.57, respectively, interaction P = 0.14). 
Discussion
Effect modification
In the participating Black and White children of this Detroit metropolitan area cohort, the associations between living with a dog in the first year of life and allergic outcomes in early life varied by outcome and subgroups demonstrating effect modification of the associations. Variability of associations within subgroups is not the same as confounding and it is important to note that it is not possible to 'adjust away' subgroup differences. Subgroup differences are evidence of effect measure modification meaning summary results representing the combination of the subgroups are misleading. Furthermore, evaluation of effect measure modification must precede evaluation of confounding.
The challenge with evaluating effect measure modification is that a larger sample size is required to more precisely estimate subgroup associations and identify statistically significant relationships. Importantly, effect modification is not that same as biological interaction. Effect measure modification in this work is based on the traditional epidemiological definition of 'heterogeneity of effect' rather than biological interaction [25] . Essentially, associations vary, in strength and/or direction, by subgroup and this means that different factors matter differently depending on whether the other factors are present (or absent).
The associations between living with a dog (or having dog allergen in the home) and allergic outcomes vary in subgroups because the relative 'importance' of dog keeping likely depends on the other factors that are also associated with the outcome. For example, living with a dog is more strongly associated with decreased odds of having a positive SPT among children born via c-section than children born vaginally. This could be due to a currently proposed underlying biological mechanism explaining the development of sensitization. Children born by c-section have been shown to have different gut microbiota patterns in early life compared to vaginally delivered children. Perhaps these c-sectioned children with a lack of exposure to the mother's vaginal and gut bacteria are those that benefit from exposure to the microbes associated with dog contact, yielding measures of association that vary by delivery mode and are protective only for c-section babies.
Dog keeping and dog allergen
While largely consistent, there were some differences in stratum-specific results for analysing reporting living with a dog in the first year of life and having detectable dog allergen in the home. The discrepancies are likely due to the fact that although dog ownership is associated with higher levels of dog allergen in the home, approximately half of homes who report having no dog in the home had detectable levels of dog allergen [24] . The patterns were similar in that living with a dog and having a detectable level of dog allergen in the home were both generally associated with lower odds of the allergic outcomes.
One potential mechanism for how living with a dog could influence risk of allergic outcomes is that dogs could influence the environmental microbiota. Others and we have found that the house dust microbiota is influenced by pets in the home [26] [27] [28] . The alteration of the home microbiota could then influence the gut, airway and skin microbiota of the residents. The gut, airway and skin microbiota are related to immune development and regulation of inflammation [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . The barriers to fully assessing the role of the microbiota to explain the observed associations are that the following are unknown: (i) the gut, airway and skin microbiota 'signatures' that define 'health' as well as the signatures identifying those at the highest risk for developing eczema, sensitization, food allergy or asthma; (ii) the mechanisms by which dogs influence their home microbiota; and (iii) the ways in which a home environmental microbiota impacts the gut, airway and skin microbiota of the residents.
The dog allergen results could also be related to the microbiota hypothesis. It is possible that dog allergen may be a better proxy for the home microbiota than dog keeping as some homes without dogs still had detectable dog allergen levels in the dust. Studies of how a dog in the home may change the microbiota are needed to better understand the possible mechanisms.
Other studies
The study of CD14 as a modifier of the effects of endotoxin on allergy-related outcomes is an excellent example for why interaction should be studied [11, 12] . Interactions between the level of endotoxin and CD14 polymorphisms have been reported to relate to total IgE levels [7] , lung function [8, 39] , eczema [13] and sensitization [13] . The current work extends this successful approach to the investigation of non-genetic factors, and the results suggest that it is an approach that needs continued application in allergic disease research.
A previous example of effect modification involving dog exposure comes from analyses of a birth cohort of children (The Cincinnati Childhood Allergy and Air Pollution Study -CCAAPS) with at least one parent with a positive skin prick test. Campo et al. [5] examined the role of endotoxin on the risk for atopy and wheeze at age 1 year and examined whether the association varied by the presence of dogs in the home. They demonstrated that the association between endotoxin and recurrent wheeze changed in direction (to decreased odds) with the presence of dogs in the home.
Given that most prior research had not examined subgroups differences in associations, we were not sure what to expect for these results. We thought that the children may be too young for asthma to either emerge or be well diagnosed so we were not surprised by the lack of an association. We were also not surprised to see no association with sIgE. Based on our previous work, we knew the children were predominantly sensitized with food allergens and the effect of dog may be more important for development of aeroallergen sensitization [14, 16, 23, 40] .
This work supports and extends the earlier work from our Detroit Childhood Allergy Study (CAS), a birth cohort of predominantly White children born in the same region in 1987-1989 [41] . In CAS, children who lived with two or more dogs or cats in the first year of life had decreased odds of having a positive skin prick test (adjusted OR = 0.23, 95% CI: 0.09, 0.60) and at least one elevated sIgE (adjusted OR = 0.33, 95% CI: 0.13, 0.83) at age 6-7 years. Dog exposure was associated with methacholine response in males (two or more dogs vs. non-exposed: 5.1% vs. 25.5%, P = 0.03) but not in females (two or more dogs vs. non-exposed: 27.0% vs. 22.7%, P = 0.71). Asthma also was less common in boys who had dog exposure vs. boys who did not (two or more dogs vs. non-exposed: 5.1% vs. 11.8%, P = 0.43), but the difference was not statistically significant, likely due to the small numbers. While the analyses of CAS data considered subgroups defined by child gender, the analyses did not consider some of the other subgroups considered in the present analyses.
The meta-analysis of pets and AD from Pelucchi et al. [1] examined 26 publications from 21 birth cohorts. They concluded that exposure to dogs was 'favourable' with respect to the risk of AD. They examined summary estimates across selected subgroups defined by study characteristics (e.g. child age at outcome assessment) and whether the estimated measure of association had been adjusted for certain factors such as family history of allergic disease, parental smoking and education. As mentioned above, adjusting for confounding is not the same as assessing effect measure modification by those factors. In a pooled analysis of 11 European birth cohorts, having a dog in the first 2 years of life was associated with decreased odds of sensitization to at least one aero-allergen, but was not found to affect asthma risk [2] . In reviewing the published results, it is important to note that some degree of exposure to dogs is likely needed to develop sensitization to dogs.
The results of our study are difficult to compare to other individual studies as many only enrolled high-risk children with family histories of allergies and few have examined effect modification. In their cohort study of children who had at least one parent with allergic disease, Lodge et al. [42] found no association between having a dog at birth and eczema or allergic sensitization (cat dander, dust mite or rye grass) based on skin prick test results at age 2 years. Among a cohort of children in Wisconsin (COAST study) who had at least one parent with respiratory allergies, those born into a home with a dog were less likely to have AD at age 3 years [22] . In the CCAAPS study, Epstein et al. [17] were unable to determine the association between dog keeping and eczema in their African American participants as the rate of dog keeping was too low, but found dog keeping was associated with a lower risk of eczema at age 4 years in dog-sensitized children.
In a study (SKARP) that examined the medical records of more than 3000 children in Finland in which 307 had allergy tests only for dog, living with a dog before age 1 year was associated with increased risk of having a positive dog allergy test (dog with or without a cat) and physician diagnosis of dog allergy (dog and cat in home) [4] . A positive allergy test was defined as having either an elevated sIgE or a positive skin prick test. Not all children had allergy testing, and it is possible that only those children whose parents sought care for allergies were tested and care seeking patterns could have varied by pet keeping status. In the HealthNuts cohort of more than 5000 children in Melbourne, children who had no allergic diseases (combinations of eczema, sensitization and food allergy) were most likely to have lived in a household with an indoor dog [3] .
It is important to note that the relative size of important subgroups in our analyses (babies delivered by csection, firstborns, mothers with low levels of education, Black race), varied compared to these other studies. For example, our study population was predominantly Black race while other studies had much lower percentages of Black children (e.g. < 20% in COAST,~42% in CCAAPS). In WHEALS, the rate of mothers with a high school degree or less was 25% while that rate was < 15% in COAST. As these variables appear to strongly impact the relationships between our exposures and outcomes, their differential distributions in other study populations would consequently account for differences in the results.
Strengths and limitations
As with any epidemiological study, there were strengths and weaknesses to this work. Households with family members allergic to dogs may have chosen to exclude dogs from their homes. As most of the dogs in the home were present during the pregnancy as well, we are unable to separate the effects of prenatal and early life exposure. Eczema and AD are separate diagnoses but we used the outcome of physician report of 'eczema' or 'AD' and did not distinguish between these two separate health conditions -another limitation. Additionally, we did not have detailed information on our potential source population and were not able to assess the representativeness of our analysed population. Many potential effect modifiers and confounders were considered in the analyses, including race; however, the smaller subgroup sample sizes limit the precision of the estimated associations. Finally, while we examined numerous variables for effect modification, the variables studied did not include paternal atopy or environmental factors such as proximity to highways and exposure to exhaust because these data were not available.
In summary, the evidence presented here supports the continuation of investigating the role that living with a dog may play in allergic disease development. Future studies powered to precisely examine important subgroup associations will likely provide key evidence for understanding the complex relationships between factors and allergic outcomes. Existing studies lacking the sample size to permit precise estimates for subgroup associations still contribute important information on patterns of associations that can influence larger studies addressing effect modification.
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